The chemical reactions of transition metal clusters in the gas phase have aroused considerable scientific interest and are also of critical scientific importance. For example, these reactions are involved in the synthesis of single-walled carbon nanotubes, which are considered ideal materials because of their outstanding properties. Alcohol catalytic chemical vapor deposition (ACCVD) is one of the best synthetic processes for carbon nanotubes (CNTs); however, even the initial growth mechanism is still unclear, unlike in other synthetic processes. In this study, we used a Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer to determine the initial reactions of transition metal clusters ions (iron, cobalt, and nickel) that are typically adopted in the alcohol CVD process. Metal clusters with approximately 10-25 atoms each, generated by a pulsed laser ablation system in a supersonic-expansion cluster beam source, were directly carried into the FT-ICR cell. Subsequently, ethanol was introduced into the ICR cell. We observed two different results: one was simple chemisorption observed in iron cluster and the other was dehydrogenated chemisorption observed in nickel cluster; however, cobalt clusters exhibited both patterns, and sequential reaction was observed. Furthermore, dehydrogenation process of ethanol molecule on cobalt cluster is fully described from isotope-labeled experiments.
Introduction
Carbon nanotubes (CNTs), 1) which were discovered in 1991, are classified into two types: single-walled carbon nanotubes (SWNTs) 2) and multi-walled carbon nanotubes (MWNTs). 1) It is expected that CNTs can be used as novel materials owing to their various outstanding physical and chemical characteristics. Thus far, a considerable number of attempts to apply SWNTs to field effect transistors, 3, 4) Atomic Force
Microscope tips, 5, 6) nanocomposite, 7) and field emitters 8, 9) have been discussed.
With regard to the apparatus and costs, the chemical vapor deposition (CVD) method is currently regarded as the most reasonable technique for the industrial or commercial production of SWNTs [10] [11] [12] [13] [14] [15] . The HiPco (high-pressure CO) method, 16) is recognized as a commercially feasible approach to continuously produce large amounts of relatively high-quality SWNTs. Recently, Maruyama et al. 17) proposed a new CVD method in which, for the first time, alcohols (e.g., ethanol and methanol) were employed as the carbon source for the synthesis of SWNTs. This method, called the alcohol catalytic CVD (ACCVD) method, is superior to the other CVD methods since it can produce high-quality SWNTs at relatively low temperatures. However, its synthetic mechanism has not been clarified; therefore, fundamental investigations of the growth mechanism are essential for further improvement of the ACCVD method. In the CVD method, transition metals such as Fe, Ni, and Co are used as catalysts. On the other hand, there are a large number of studies that are being conducted on these clusters in the gas phase [18] [19] [20] [21] [22] [23] [24] . However, most of the present research is restricted to small-size clusters (less than 10 atoms) since the generation of large-size clusters is quite difficult. Generally, in catalytic reaction, because a certain number of atoms or a local structure of small particle has a catalytic activity, clusters with less than 10 atoms are a little insufficient to specify the catalytic reaction. Furthermore, the size of catalysts employed in CVD synthesis of SWNTs is approximately 0.5 nm -a few nm. Calculating from the bulk density, there are about 50 atoms in a 1 nm diameter spherical particle. Usually a particle with less than 100 atoms does not have a bulk crystal structure but an atomic cluster structure. Thus, there should be less than 50 atoms in a 1 nm particle and less than about 20 atoms in a 0.75 nm diameter particle. In this report, we explored the basic reaction mechanism of large-size clusters (Fe, Co, and Ni) with 10 -30 atoms at room temperature; consequently, cobalt clusters with 12 -17 atoms showed a unique reaction. Though the reaction temperature is different from the practical ACCVD process, the reaction mechanism derived in this study can be a possible candidate.
Experimental
Our experimental apparatus was based on the same design concept as that of the apparatus used by Smalley's group, 25) the detailed characteristics of which are described elsewhere. [26] [27] [28] [29] Figures 1 and 2 show the cluster beam source and the direct-injection FT-ICR apparatus, respectively. The metal cluster ion beam was generated outside a magnetic field by the laser-vaporization cluster beam source, as shown in Fig. 1 . A pulsed gas valve, the sample motion mechanism, and a skimmer were installed in a 6-inch 6-way UHV cross. A solid sample disk was vaporized by a focused beam from an Nd: YAG laser (2nd harmonics) while the timed pulsed gas was injected into the nozzle. In a helium gas atmosphere, the vaporized atoms condensed into clusters and were then carried and cooled by the supersonic expansion of helium gas. The cluster beam was directly injected into the magnetic field through the skimmer with an opening diameter of 2 mm and a deceleration tube. FT-ICR is a unique mass spectroscopy technique based on the ion-cyclotron motion of cluster ions in a strong magnetic field. The ion-cyclotron frequency f is inversely proportional to the ion mass M, as follows:
An extremely high mass resolution at a high mass range, such as the resolution of 1 atomic mass unit (amu) in a 10,000 amu range, can be obtained. Furthermore, since the ions can be trapped in a vacuum for a few minutes, it is possible to perform chemical reaction experiments. The ICR cell used was a cylinder with a length and internal diameter of 150 mm and 42 mm, respectively. It was placed in a stainless-steel tube (SUS316) with an internal diameter of 84 mm that penetrated a homogeneous 5.83 T superconducting magnet that is commercially available for nuclear magnetic resonance (NMR) apparatus. Two turbo molecular pumps (300 s / l ) fore-pumped by a smaller one of 50 s / l were placed on the floor in order to avoid the effect of the strong magnetic field. The typical background pressure was 3 × 10 -10 Torr.
For the chemical reaction experiments, ethanol gas was supplied to the ICR cell for a certain period through the pulsed valve, which was adjusted to keep the pressure of the ICR cell around 1-2 × 10 -8 Torr. After the reaction experiment, the cluster ions were excited to detect their mass distribution.
3. Results and discussion 3.1. Simple chemisorption of ion clusters Figure 3 (a) shows the typical spectrum of the 'as-injected' iron clusters. The bottom and top axes denote the mass of the clusters in amu and the number of iron atoms, respectively. Since iron has four natural isotopes, each spectrum peak also has some width. Very small peaks shown between each iron cluster peak in Fig. 3 (a) are iron cluster with water molecule, which inevitably exists in the gas line. As shown in Fig.   3 (b), the reaction products appeared just behind the bare iron cluster spectra after 2s reaction at 1×10 -8 Torr with ethanol-d3 (CD 3 CH 2 OH). is the isotope distribution of Fe 11 calculated from the natural abundance of isotopes. These isotope distributions show quite good agreement with each other, comparing to their proportions labeled as ▲, ■, •, and ○, respectively. In this reaction, ethanol-d3 was used as the reaction gas, and the mass difference between the original clusters and reaction products, isotropic mass distribution of which showed good agreement with the bare iron cluster, was 49 amu, which is the mass of ethanol-d3; thus, each component of ethanol-d3 was simply chemisorbed on the iron clusters. In this paper, we name this reaction "simple chemisorption." Figure 5 A(a) shows the typical mass spectrum of the as-injected nickel clusters. Small amount of water molecules chemisorbed on nickel clusters. In this figure, the bottom axis represents the mass in amu, and the number of nickel atoms is represented by the top axis. Since nickel has five natural isotopes, each spectrum also has some width; moreover, measured isotope distribution is quite consistent with the calculation based on the natural abundance of isotopes. Figures 5A(b, c) Fig. 5B , the mass gap between the reaction product and the original bare nickel clusters is 42 amu; thus, it is considered that four hydrogen atoms were dissociated and detached. In the case of Fig. 5C , since the mass gap is 43 amu, two hydrogen atoms and two deuterium atoms must be dissociated and detached. In this paper, we name this reaction "dehydrogenated chemisorption."
Dehydrogenated chemisorption of nickel clusters
3.3. Simple and dehydrogenated chemisorption of cobalt clusters Figure 6 (a) is the typical mass spectrum of the as-injected cobalt clusters. The upper axis denotes the number of cobalt atoms and the bottom axis, the mass in amu. Cobalt has no naturally occurring isotopes and, hence, its spectrum is very simple. The small peaks between the strong peaks of the cobalt clusters are cobalt clusters with one water molecule each; water invariably exits in the ICR cell, cluster beam source, and helium gas. Figures 6(b-d) show the results of the reaction experiments with ethanol for 0.2, 0.5, and 1.0 s with ethanol pressure at 1×10 -8 Torr. Mainly two kinds of reaction pattern depending on cluster size are observed as in Fig. 6(c) . In case of Co n + (n < 12, n > 17), simple chemisorption is observed, and in case of Co n + (12 ≤ n ≤ 17), both simple and dehydrogenated chemisorption are observed. This versatile reactivity could be related with the fact that cobalt is a generally better catalyst than iron and nickel for ACCVD process. In order to understand of this reaction, it is important to determine which hydrogen atoms were dissociated in the dehydrogenated chemisorptions.
Determination of hydrogen dissociation path for cobalt clusters
To specify the dissociated hydrogen atoms, we employed isotopically labeled ethanol, ethanol-d (CH 3 CH 2 OD) in Fig. 7(b) , ethanol-d3 (CD 3 CH 2 OH) in Fig. 7(c) , and ethanol-d6 (CD 3 CD 2 OD) in Fig. 7(d) and compared with the result of normal ethanol shown in Fig. 7(a) . In Fig. 7 (a), we can easily assign that two strong signals: one is exhibited around 42 amu from Co 14 + (labeled ▼) and the other at around 46 amu (labeled ■) are dehydrogenated and simple chemisorptions, respectively. Assuming that the reaction process itself does not depend on isotopic composition of ethanol, we can expect only 2 peaks of reaction products even for Fig. 7(b-d) . In Fig. 7 (b-d) , dehydrogenated and simple chemisorptions peaks are marked by ▼ and ■, respectively. However, unlike Fig. 7(a) , mass peaks of reaction products are more complicated in Figs. 7(b) and 7(d). Several peaks in between these peaks with mass-separation of 1 amu can be explained by the exchange of hydrogen and deuterium on cobalt clusters in Appendix A. Simple reaction pattern from ethanol-d3 (CD 3 CH 2 OH) in Fig. 7 (c) is useful to explore which hydrogen atoms in original ethanol is detached. The dehydrogenated peak marked by ▼ is 43 amu from bare Co 14 cluster; hence 1 H and 1D should remain. Considering the original structure CD 3 CH 2 OH, the structure of the dehydrogenated molecule must be CD-CH-O. So, we can conclude that a hydrogen atom from OH, 1 hydrogen atom from C1, 2 hydrogen atoms from C2 has detached as shown in Fig. 8(c) Fig. 8 (b) is a loss of a hydrogen atom from OH and C2, each. Hence, the dehydrogenation sequence can be expressed as follows: a hydrogen atom in OH dissociates as ethanol chemisorbed to Co cluster as in Fig. 8(a) ; a hydrogen atom from C2 dissociates and detach the cluster as H 2 combined with the previous hydrogen atom as in Fig. 8(b) ; 2 hydrogen atoms from C1 and C2 dissociate and detach as H 2 as in Fig.  8(c) . Consistency of this model to other isotope labeled experiments in Fig. 7(b) and (c) is verified in Appendix A. This reaction process should be a good bench mark for future quantum chemical simulations.
Further reaction of more ethanol molecules on a cobalt cluster
Further reaction process with more than one ethanol molecules is studied by longer reaction time of 2 s at 1×10 -8 Torr in Fig. 9 . Here, reaction products are compared for . The spectrum patterns in Figs. 9(a-c) are completely similar; hence, almost all of these signals are considered as those of reaction products and not noise, even if they are very weak. The label in Fig. 9(c) indicates the assigned reaction for each product. "S" and "D" stands "Simple Chemisorptions" and "Dehydrogenated chemisorptions", respectively. And a number after "S" or "D" is number of reacted ethanol molecules. Peaks marked with "*" and "**" are intermediate H 2 dehydration and diethyl ether like products (C 2 H 3 OH 3 C 2 ), respectively. Table 1 shows experimentally derived and calculated values of the mass difference from Co 15 + cluster.
As shown in Table 1 , a sequential reaction clearly occurred, but the mass difference values of D3 and D4 are not completely consistent with the calculated values. Perhaps, due to an increase in the number of reactant species, some interactions occurred among the reactants themselves, which brought about hydrogen adduction or non-detachment. We cannot observe more than 3 'simple chemisorption', S3, and S2 is already very weak in contrast to clear signal of D3 and D4. We assume that there are 2 distinct isomers in small Co clusters. One isomer cluster is simple saturated with 2 'simple chemisorption' ethanol as shown in Fig. 10 (a) and not further reaction is expected. The other isomer cluster can efficiently dissociate hydrogen until at least 4 ethanol molecules attach as shown in Fig. 10(b) .
Conclusion
In this work, the chemical reactions of iron, cobalt, and nickel clusters with ethanol were studied. Iron and nickel clusters exhibited a single reaction pattern: either simple chemisorption or dehydrogenated chemisorption. On the other hand, cobalt clusters exhibited both reaction patterns depending on cluster size, and furthermore, sequential reactions also occurred, unlike in the case of the iron and nickel clusters. This sequential reaction may bring about nucleation of SWNTs by further resolving ethanol molecules in alcohol catalytic CVD (ACCVD) process.
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A-1.Reaction with ethanol-d (CH 3 CH 2 OD) From Fig. 7 (b) 42 and 47 amu peak from bare cluster are 'dehydrogenated' and 'simple chemisorption'. According to our reaction model in Fig. 8 , the dehydrogenated reaction is described as:
The peak position 42 amu from bare is consistent with this. However, a small peak at 43 amu from bare is also distinguished. This peak can be explained by the exchange reaction of initially dissociated D atom with one H atom marked as H* in Fig. A1(b) . On the other hand, there is also a signal at 46 amu from bare next to the simple-chemisorption peak marked as ■. We cannot understand this peak position with the frame-work for our reaction model in Fig. 8 and it is very difficult to imagine only a hydrogen atom detaches a cluster. Hence, we assume the following H/D exchange reaction. In the first step of the chemisorption in Fig. 8(a) , deuterium atom is expected to be dissociated on the cluster. With collisions of background H 2 molecules, H/D exchange reaction as follows can happen.
Even though at ultra-high vacuum condition at 1-2 × 10 -8 Torr, considerable collisions with H 2 is expected.
A-2.Reaction with thanol-d6 (CD 3 CD 2 OD) The same logic as in A-1 can be applied for the reaction with thanol-d6 (CD 3 CD 2 OD) in Fig. 7(d) . The H/D exchange reaction by collisions with background H2 molecule is quite efficient as seen in the stronger 51 amu peak from bare compared with 52 amu peak marked as ■. This can be explained by more dissociated D atoms during reactions in Fig. 8(a-b) . Because of this H atoms coming to H* position in Fig. A1 (b) , the dehydrogenated product is Table 1 Correspondence of the reaction products shown in Fig. 9 (c). 
